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Misincorporation of free m-tyrosine into cellular proteins: a potential
cytotoxic mechanism for oxidized amino acids
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In vitro studies demonstrate that the hydroxyl radical converts L-
phenylalanine into m-tyrosine, an unnatural isomer of L-tyrosine.
Quantiﬁcation of m-tyrosine has been widely used as an index
of oxidative damage in tissue proteins. However, the possi-
bility that m-tyrosine might be generated oxidatively from free
L-phenylalanine that could subsequently be incorporated into
proteins as an L-tyrosine analogue has received little attention. In
the present study, we demonstrate that free m-tyrosine is toxic to
culturedCHO(Chinese-hamsterovary)cells.Wereadilydetected
radiolabelled material in proteins isolated from CHO cells that
hadbeenincubatedwithm-[
14C]tyrosine,suggestingthattheoxy-
genated amino acid was taken up and incorporated into cellular
proteins. m-Tyrosine was detected by co-elution with authentic
material on HPLC and by tandem mass spectrometric analysis in
acid hydrolysates of proteins isolated from CHO cells exposed
to m-tyrosine, indicating that free m-tyrosine was incorporated
intact rather than being metabolized to other products that were
subsequently incorporated into proteins. Incorporation of m-
tyrosineintocellularproteinswassensitivetoinhibitionbycyclo-
heximide, suggesting that protein synthesis was involved. Protein
synthesisusingacell-freetranscription/translationsystemshowed
that m-tyrosine was incorporated into proteins in vitro by a mech-
anism that may involve L-phenylalanine-tRNA synthetase. Col-
lectively, these observations indicate that m-tyrosine is toxic to
cells by a pathway that may involve incorporation of the oxidized
amino acid into proteins. Thus misincorporation of free oxi-
dized amino acids during protein synthesis may represent an
alternativemechanismforoxidativestressandtissueinjuryduring
aging and disease.
Key words: amino acid misincorporation, hydroxyl radical,
oxidative stress, protein synthesis, tRNA synthetase, m-tyrosine.
INTRODUCTION
A wealth of indirect evidence implicates oxidative damage of cel-
lular constituents in the pathogenesis of diseases and aging [1–5].
One important target is proteins, which are of central impor-
tance as enzymes and structural elements in cells. However, the
mechanisms for oxidative damage of proteins in vivo are poorly
understood because the oxidative intermediates are short-lived
and are difﬁcult to detect directly.
One widely studied oxidant is the hydroxyl radical and species
of similar reactivity that are generated by metal-catalysed oxi-
dation systems, glucose autoxidation and mitochondrial aerobic
metabolism [1–5]. Hydroxyl radical converts L-phenylalanine
into m-tyrosine and o-tyrosine [6], isomers of the natural amino
acid L-tyrosine. m-Tyrosine is also produced by peroxynitrite
in vitro [7]. Because m-tyrosine is stable to acid hydrolysis and
is thought to be absent from normal proteins, it has served as
a useful marker for oxidative damage. Thus elevated levels of
m-tyrosine have been detected in aging lens proteins of humans
[8], atherosclerotic tissue of diabetic non-human primates [9],
mitochondrialproteinsofexercisedanimals[10],bloodofanimals
subjectedtocardiacischaemia–reperfusioninjury[11]andretinal
tissue of diabetic rats [12]. Model system studies indicate that
when proteins are oxidized by peroxynitrite, the major product is
3-nitrotyrosine, although low levels of o-tyrosine and m-tyrosine
are also detectable [13,14]. In contrast, the myeloperoxidase–
H2O2–chloride system fails to generate o-tyrosine or m-tyrosine
[13,14].Collectively,theseobservationsindicatethatthedetection
ofelevatedlevelsofo-tyrosineandm-tyrosineimplicatesahydro-
xyl radical-like species in tissue damage.
Oxidizedaminoacidsaregeneratedinproteinsthatareexposed
toreactiveintermediatesinvitro[6,9,15],andmoststudiesofthese
markersinvivohaveassumedthatoxidizedproteinsaregenerated
post-translationally. In contrast, the possibility that oxidized
amino acids might be incorporated into proteins during synthesis
has received little attention. It is well established that structural
analogues of L-tyrosine, such as 3-iodotyrosine, 3-ﬂuorotyrosine
and 3,4-dihydroxy-L-phenylalanine, are incorporated by post-
transcriptional mechanisms into α-tubulin [16]. The mechanism
appearstoinvolvetubulin L-tyrosineligase,anenzymethatseems
to have promiscuous substrate speciﬁcity [17,18]. 3-Nitrotyro-
sine generated by reactive nitrogen species can subsequently be
incorporated into tubulin by this mechanism [17]. 3,4-Dihydro-
xyphenylalanine is incorporated into proteins of a macrophage
cell line by a pathway that is sensitive to inhibition by cyclohexi-
mide [19]. Proteins containing this oxygenated amino acid were
proposed to undergo degradation by the proteasomal and lyso-
somal pathways [19]. It has not yet been established whether
similar mechanisms might contribute to oxidative stress and pro-
tein oxidation in vivo.
Inthepresentstudy,wedemonstratethatm-tyrosineiscytotoxic
and show that this oxygenated amino acid is incorporated into
proteins both in a cell-free translation system and by CHO
(Chinese-hamster ovary) cells. Based on these observations, we
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carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium; TCA, trichloroacetic acid; TFA, triﬂuoroacetic acid.
1 To whom correspondence should be addressed (email heinecke@u.washington.edu).
c   2006 Biochemical Society278 H. Gurer-Orhan and others
propose that m-tyrosine might be misincorporated into tissue
proteins during translation and that this mechanism could con-
tribute to the toxicity of the oxidized amino acid.
EXPERIMENTAL
Materials
L-[
14C]Phenylalanine (speciﬁc activity 520 mCi/mmol, 0.5 mCi/
ml) was provided by American Radiolabeled Chemicals. CHO
cells were purchased from the A.T.C.C. Organic solvents were
HPLC grade. Unless indicated otherwise, all other reagents
were obtained from Sigma–Aldrich.
Synthesis of 14C-labelled L-tyrosine and m-tyrosine
L-[
14C]Phenylalanine was dried under vacuum, dissolved in water
and irradiated in a
137Cs irradiator for 30 min at a rate of 3317 rad/
min. L-[
14C]Tyrosine and m-[
14C]tyrosine were isolated from
the reaction mixture by HPLC using a reverse-phase column
(Beckman Ultrasphere, 5 µm, 4.6 mm×25 cm) as described
below. Identity of the amino acids was conﬁrmed by co-elution
with authentic standards on HPLC and by GLC/MS analysis
[14].
Cell culture
CHO cells were cultured in 10-cm-diameter dishes (Corning) at
1×10
6 cells/wellandmaintainedinmediumA[1:1mixture(v/v)
ofHam’sF-12mediumandDulbecco’smodiﬁedEagle’smedium
supplemented with 10% (v/v) foetal bovine serum, 100 units/ml
penicillin,0.1 mg/mlstreptomycin,2 mM L-glutamine,and1 mM
sodiumpyruvate]at37◦Cinahumidiﬁedatmosphereof5%CO2
and 95% air.
Cycloheximide treatment
Cycloheximide was added from a 100 mg/ml stock solution
dissolved in DMSO to a ﬁnal concentration of 100 µg/ml in
medium A.
Colony formation assay for cytotoxicity
Exponentially growing CHO cells were detached from tissue
culture wells using trypsin/EDTA and were collected by centri-
fugation at 500 g for 5 min at 4◦C. The resulting cell pellet was
resuspendedinmediumA,andthenumberofcellswasestablished
using an aliquot of medium and a haemocytometer. Cells (100–
2000) were plated into tissue culture dishes (60 mm diameter;
Corning) and were incubated for 4 h to allow them to attach to the
surface. They were then exposed to the indicated ﬁnal concen-
trations of amino acids in medium A and incubated for 7–
10 days. The resulting cell colonies were stained with Methylene
Blue and counted. The colony efﬁciency was calculated as:
(colonies counted/cells plated)×100. A cell-survival curve was
constructed by plotting the surviving fractions (number of
colonies counted/number of cells seeded)×(colony efﬁciency
of the control cells) from cells exposed to various concentra-
tions of L-tyrosine and m-tyrosine.
MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulphophenyl)-2H-tetrazolium] assay for cytotoxicity
The viability of cells was assessed by monitoring the reduction of
MTS (Promega). For cytotoxicity assays, CHO cells were plated
on 10-cm-diameter dishes as described above and were allowed
to adhere for 2 h. The medium was then changed to medium A
supplemented with the indicated ﬁnal concentration of L-tyrosine
orm-tyrosine.After24 hofincubation,themediumwasremoved,
and the cells were washed once with PBS. MTS was added to
each well following the manufacturer’s instructions. Following
2 h of incubation at 37◦C, 200 µl aliquots of medium from each
well of cells were transferred to a 96-well microtitre plate. The
absorbance of the medium at 490 nm was determined using a
microplate reader.
LDH (lactate dehydrogenase) assay for cytotoxicity
Media were collected and were centrifuged at 1500 g for 15 min,
then LDH activity in the supernatants was determined following
the addition of NADH (125 µM ﬁnal concentration) and sodium
pyruvate (100 µM ﬁnal concentration) by monitoring changes in
the absorbance of the reaction mixture at 340 nm [20]. The initial
rateofreactionwasdirectlyproportionaltotheamountofmedium
incorporated into the reaction mixture.
Cellular incorporation of 14C-labelled amino acids into proteins
CHO cells (1×10
6) were plated in 10-cm-diameter dishes and
were cultured in 10 ml of medium A as described above. Follow-
ing 24 h of incubation, the medium was replaced with fresh
medium A supplemented with 50 µM
14C-labelled L-tyrosine or
m-tyrosine. The cells were then incubated for the indicated period
of time, washed once with PBS, detached with 1 ml of trypsin/
EDTA, and harvested by centrifugation at 500 g for 5 min after
adding 10 ml of medium. Proteins were isolated from the cells
by precipitation using TCA (trichloroacetic acid). TCA [0.5 ml
of a 20% (w/v) solution] was added to each cell pellet, the cells
were resuspended by vortex-mixing, and the cellular lysate was
incubated on ice for 30 min. Proteins were collected by centri-
fuging the lysate at 4000 g for 4 min at 4◦C. The protein pellet
was washed twice with ice-cold PBS, and the incorporation
of radiolabelled amino acids into proteins was monitored as
described below.
To control for non-speciﬁc incorporation of radiolabelled
material into cellular proteins, CHO cells were incubated
under similar conditions, except that medium A included non-
radiolabelled L-tyrosine, L-phenylalanine or m-tyrosine. After
24 h of incubation, the same amount of the radiolabelled com-
pound (L-tyrosine or m-tyrosine) was added to the medium, and
the cells were immediately harvested as described above.
Incorporation of radiolabelled amino acid into proteins was
monitored by solubilizing TCA-precipitated proteins with 0.5 ml
of 2% (v/v) Triton X-100. Protein concentrations were deter-
minedusingtheDCProteinAssay(Bio-Rad).Analiquot(100 µl)
of the solubilized protein was mixed with 2 ml of scintillation
mixture (Optiﬂor; Packard Instrument Company), and radiolabel
was quantiﬁed using a liquid-scintillation counter (LS 3081;
Beckman Corp.). For HPLC analysis, TCA-precipitated proteins
were suspended in 0.5 ml of 6 M HCl (Sequenal Grade; Pierce
Chemical) containing 1% (w/v) phenol and were hydrolysed at
110◦C for 24 h [14]. Amino acids were isolated from the hydro-
lysatebysolid-phaseextractiononaC18 column(3 ml;Supelclean
SPE, Supelco). The columns were conditioned before use by
washing with 2 ml of methanol and 6 ml of 0.1% (v/v) TFA
(triﬂuoroacetic acid). The volume of the amino acid hydrolysate
was adjusted to 2 ml with 0.1% TFA, passed over the column,
andthecolumnwaswashedwith2 mlof0.1%TFA.Aminoacids
were eluted with 2 ml of 25% methanol, and the eluent was dried
under nitrogen. Isolated amino acids were dissolved in water and
subjected to HPLC analysis.
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HPLC analysis of radiolabelled amino acids
Amino acid analysis was performed using Beckman System Gold
125 HPLC apparatus equipped with a Beckman Ultrasphere ODS
reverse-phase column (5 µm resin, 4.6 mm×25 cm) coupled to
a Waters 484 Tunable Absorbance Detector. Amino acids were
separated at a ﬂow rate of 1 ml/min using a linear gradient of
100% solvent A [methanol/TFA/water, 5:1:94, by vol. (pH ad-
justed to 2.5 with NaOH)] that was changed to 100% solvent B
(methanol/TFA/water, 20:1:79, by vol.) over 20 min with moni-
toring of absorbance at 274 nm.
Detection and quantiﬁcation of m-tyrosine by HPLC-MS analysis
CHO cells were plated and incubated for 24 h as described above.
At the end of the incubation, proteins were isolated using TCA
precipitation and washed twice as described above. The protein
pellet was hydrolysed with 0.5 ml of 6 M HCl containing 1%
(w/v) phenol at 110◦C for 24 h and was centrifuged at 14000 g
for10 min.ThehydrolysatewasthensubjectedtoHPLC-MSana-
lysis [21]. Brieﬂy, 50 µl of supernatant was injected on to
a reverse-phase HPLC column (Varian Chromospheres 5 C18,
25 cm×4 mm). Amino acids were separated at a ﬂow rate of
0.8 ml/min using a linear gradient produced using solvent A
(10 mM ammonium acetate, adjusted to pH 4.5 with ethanoic
acid)containing1%(v/v)methanolthatwaschangedtosolventB
containing 10% methanol over 30 min. Amino acids were moni-
tored using an ion-trap mass spectrometer (Finnigan LCQ Delta;
Thermoquest) equipped with an atmospheric pressure chemical
ionization source. L-Phenylalanine and m-tyrosine were moni-
tored by selected reaction monitoring. Protonated precursor and
product ions were detected as ions of m/z 166 and 120 for L-
phenylalanine and m/z 182 and 136 for m-tyrosine respectively.
Product ions were derived by loss of HCOOH [(46 a.m.u. (atomic
mass units)] from protonated precursor ions.
In vitro transcription and translation
Incorporationofm-tyrosineintoluciferaseduringinvitrocoupled
transcription/translation was studied using a cell-free reticulate
lysate preparation (TNT SP6 System; Promega) following the
manufacturer’s instructions. Unless indicated otherwise, all 20
of the common amino acids required for protein synthesis were
included in the reaction mixture at 1 mM.
SDS/PAGE and autoradiography of radiolabelled proteins
14C-Labelled luciferase prepared using the in vitro transcription/
translation system was subjected to SDS/PAGE with a Bio-
Rad Mini-PROTEAN II cell. Samples were applied to gels after
dilution(1:1,v/v)withloadingbuffer[50 µlof2-mercaptoethanol
(Fisher) and 950 µl of Laemmli sample buffer (Bio-Rad) 1:19
(v/v)].Runningbufferwas25 mMTris/HCl,192 mMglycineand
0.1% (w/v) SDS (pH 8.3). Following electrophoresis, proteins
were ﬁxed by placing the gel in a 10% (v/v) ethanoic acid
and 30% (v/v) methanol mixture for 1 h. Gels were treated
with EN
3HANCE (NEN) for 1 h and then with ice-cold water
for 30 min and were dried under vacuum at 60◦C. Luciferase
was visualized by exposing the gel to X-ray ﬁlm (X-OMAT AR;
Kodak) at −80◦C for 2 weeks.
Statistical analysis
Student’s t test was used to examine the signiﬁcance of the
difference between groups. P<0.05 was accepted as signiﬁcant.
Figure 1 Colony formation of CHO cells incubated with m-tyrosine
Exponentially growing CHO cells were plated on to tissue culture dishes and incubated for
4 h to allow them to attach to the surface. The cells were then exposed to the indicated ﬁnal
concentrations of amino acid in medium A [a 1:1 (v/v) mixture of Ham’s F-12 medium and
Dulbecco’s modiﬁed Eagle’s medium supplemented with 10% foetal bovine serum, penicillin,
streptomycin,2 mM L-glutamineand1 mMsodiumpyruvate]andincubatedfor7–10days.The
resulting cell colonies were stained with Methylene Blue and counted. Survival curves were
constructed by plotting the surviving fractions of cells (number of colonies counted/number
of cells seeded)×(colony efﬁciency of the control cells). Results are means+ −S.D. for three
independent experiments.
RESULTS
The free amino acid m-tyrosine is cytotoxic to cultured cells
Todetermine whether freeoxidized aminoacids canbecytotoxic,
we incubated CHO cells with increasing concentrations of m-
tyrosine or its isomer L-tyrosine (which contains the hydroxy
group in the para position on the phenolic ring) for 24 h in me-
dium containing 40 µM L-tyrosine, 30 µM L-phenylalanine and
10% foetal bovine serum. We monitored cellular injury using
threedifferentassays:colonyformation,MTSreductionandLDH
release.
Incubation of CHO cells with m-tyrosine inhibited colony for-
mation in a concentration-dependent manner. Survival and pro-
liferation of the cells was inhibited approx. 60% by 0.25 mM
m-tyrosine (Figure 1). In contrast, 1 mM L-tyrosine had little ef-
fect on the fraction of CHO cells that survived. Since colony for-
mation assesses the ability of individual cells to proliferate, it is a
sensitive measure of cell viability.
CHO cells incubated for 24 h with increasing concentrations
of m-tyrosine in medium containing 10% foetal bovine serum
and physiological concentrations of amino acids progressively
lost their ability to reduce MTS (results not shown). Reduction of
MTSwasinhibitedapprox.50%by0.5 mMm-tyrosine;3 mMm-
tyrosine produced >90% inhibition. In contrast, L-tyrosine had
little effect at any concentration investigated. These observations
suggest that relatively high concentrations of m-tyrosine were
cytotoxic to CHO cells as assessed by the MTS assay.
Alterations in membrane integrity cause the cytosolic enzyme
LDHtoleakintothemediumaroundthecells.LDHreleasethere-
foreindicatessigniﬁcantdamagetocells.ReleaseofLDHintothe
medium increased markedly when CHO cells were exposed to a
highconcentration(5 mM)ofm-tyrosinefor24or48 h(resultsnot
shown). As in the cytotoxicity assay, the same concentration of L-
tyrosinehadlittleeffectasmonitoredbythismethod.Collectively,
these observations indicate that m-tyrosine is toxic to CHO cells.
The differences in m-tyrosine concentrations required to inﬂict
cell injury in the various assays probably reﬂects the fact that
these assays monitor different aspects of cellular function and
viability.
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Figure 2 m-[14C]Tyrosine was incorporated into CHO cell proteins in a
concentration-dependent manner
(A) Incorporation of radiolabel into proteins isolated from CHO cells incubated with m-
[14C]tyrosine. Cells were cultured for 6, 12 or 24h in medium A supplemented with
m-[14C]tyrosine (closed bars). At the end of the incubation, the cells were harvested and
lysed, and their proteins were isolated by acid precipitation. After the proteins were washed
extensively,theamountofradiolabeltheyhadincorporatedwasquantiﬁedbyliquid-scintillation
counting. Control cells were incubated under similar conditions, except that radioactive amino
acidwasaddedto themediumimmediatelybeforethecellswereharvested(openbars).Results
are means+ −S.D. for three independent experiments. (B) MS/MS quantiﬁcation of m-tyrosine
and L-phenylalanine in proteins from CHO cells that had been incubated with increasing
concentrations of m-tyrosine. CHO cells were incubated with the indicated ﬁnal concentration
of m-tyrosine or L-tyrosine for 24h in medium A. At the end of the incubation, cellular proteins
were isolated by acid precipitation, washed extensively and hydrolysed with acid. Levels of
m-tyrosine in acid hydrolysates were quantiﬁed by HPLC and MS/MS analysis with selected
reactionmonitoring.Thecontentofm-tyrosineisnormalizedtothatofitsprecursoraminoacid,
L-phenylalanine. Results are means+ −S.D. for three independent analyses.
Radiolabelled material derived from m-tyrosine is incorporated
into cellular proteins
One potential mechanism for m-tyrosine cytotoxicity might in-
volve incorporation of the oxidized amino acid into proteins
in place of L-tyrosine. To explore this hypothesis, we monitored
the incorporation of radiolabelled L-tyrosine and m-tyrosine into
proteins isolated from CHO cells. The cells were incubated for
various times in medium that contained 10% foetal bovine serum
and physiological concentrations of amino acids and was supple-
mented with L-[
14C]tyrosine or m-[
14C]tyrosine. At the end of
the incubation, we lysed the cells and precipitated their proteins
with TCA. Following extensive washing to remove non-coval-
ently associated radiolabel, the amount of [
14C]amino acid incor-
poratedintocellularproteinswasquantiﬁedbyliquid-scintillation
counting.
m-[
14C]Tyrosine was incorporated into cellular proteins in a
time-dependent manner (Figure 2A). After 24 h incubation, 1%
oftheradiolabelledm-tyrosineincludedinthemediumwasfound
in isolated cellular proteins. In contrast, radiolabelled L-tyrosine
Figure 3 HPLC analysis of radiolabelled material isolated from tissue
proteins of CHO cells incubated with m-[14C]tyrosine
Cells were cultured for 24h in medium A supplemented with m-[14C]tyrosine. At the end of
the incubation, cellular proteins were isolated by acid precipitation, washed extensively and
hydrolysedwithacid.Thehydrolysatewassupplementedwithauthenticm-tyrosine,o-tyrosine,
L-tyrosineorL-phenylalanineandwasthenanalysedbyHPLCusingaC18reverse-phasecolumn.
Elutionofradiolabelledmaterialandaromaticaminoacidswasmonitoredbyliquid-scintillation
counting and absorbance at 274nm respectively.
was incorporated into cellular proteins at a 20-fold higher level
(1.04% m-tyrosine and 21.5% L-tyrosine) when the cells were
incubated under identical conditions. Non-speciﬁc binding was
not likely to have accounted for the radiolabelled m-tyrosine de-
tected in isolated cellular proteins because, when the same con-
centration of radiolabelled m-tyrosine was added to the cells im-
mediately before they were harvested, the isolated proteins
contained a much smaller amount of radiolabel (Figure 2A; open
bars). Similar levels of radiolabelled L-tyrosine and m-tyrosine
were found in isolated proteins of control cells (L-[
14C]tyrosine,
0.13+ −0.03%; m-[
14C] tyrosine, 0.02+ −0.01%) under these con-
ditions. Moreover, the amount of radiolabel detected in isolated
proteins of control cells under these conditions did not increase
with the length of time the cells were cultured (Figure 2A). These
ﬁndings suggest strongly that the radiolabel detected in proteins
isolated from CHO cells incubated with m-[
14C]tyrosine had been
covalently incorporated into proteins.
Free m-tyrosine is incorporated intact into cellular proteins
Free amino acids and oxidized amino acids are metabolized to
a wide range of compounds (including other amino acids) that
might subsequently be incorporated into proteins [22]. To deter-
mine whether m-[
14C]tyrosine or a compound derived from the
radiolabelled amino acid became incorporated into proteins, we
subjected the radiolabelled material isolated from CHO cells to
acid hydrolysis and reverse-phase HPLC analysis (Figure 3). Pre-
vious studies have shown that this chromatography system com-
pletely separates a wide range of L-tyrosine and L-phenylalanine
oxidation products [13,23]. More than 85% of the radioactivity
in the protein pellet (n=4) isolated from CHO cells that had
been incubated with m-[
14C]tyrosine co-migrated with authentic
m-tyrosine. Similarly, essentially all of the radioactivity in the
protein pellet isolated from CHO cells that had been incubated
with L-[
14C]tyrosine co-migrated with authentic L-tyrosine (re-
sults not shown). These results suggest that most of the radio-
labelled material that was incubated with the cells and recovered
from isolated protein was m-[
14C]tyrosine under our analytical
conditions.Theremainingradiolabelledmaterialprobablyrepres-
ented metabolites derived from m-[
14C]tyrosine.
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Figure 4 Detection of m-tyrosine in CHO cell proteins by positive-ion
atmospheric pressure chemical ionization MS analysis
(A) HPLC-MS analysis of authentic m-tyrosine subjected to HPLC on a reverse-phase
column. Ions derived from the protonated molecular ion [M +H]+ and its major product
ion [M −HCOOH+H]+ were monitored in the ion chromatogram. Note that the two ions
co-elute and have the same relative abundance as in the full scan mass spectrum. The inset
shows the mass spectrum of m-tyrosine (retention time 11.2min). (B) HPLC-MS analysis of
acidhydrolysatesofCHOproteinssubjectedtoHPLConareverse-phasecolumn.Proteinswere
isolatedfromCHOcellsincubatedwithmediumAasdescribedinFigure2.Notethattherelative
abundance of the ions (m/z 182 and m/z 136) and retention times (Rt; 11.21 and 11.25min) of
authentic m-tyrosine and the material in hydrolysates of CHO proteins are virtually identical.
ToconﬁrmthatproteinsisolatedfromCHOcellsincubatedwith
m-tyrosinecontaintheunmodiﬁedaminoacid,weﬁrstusedMSto
establishthemassspectrumofauthenticm-tyrosine[21].Wethen
used MS/MS (tandem MS analysis) to analyse acid hydrolysates
of proteins isolated from CHO cells. Amino acids were separated
by HPLC and were subjected to atmospheric pressure ionization
followed by analysis with an ion-trap instrument. MS analysis of
authenticm-tyrosine(Figure4A,inset)revealedamajorionatm/z
182, consistent with the anticipated m/z of the protonated mol-
ecular ion [M +H]
+. Low-energy collisionally activated MS/MS
analysis of m-tyrosine revealed that the [M +H]
+ ion (m/z 182)
decomposedintomajorionsatm/z136[M +H−HCOOH]
+,m/z
165 [M +H−NH3]
+, m/z 121 [M +H−NH2COOH]
+ and
m/z 119 [M +H−HCOOH−NH3]
+.
Toquantifycellularm-tyrosinecontent,weusedMS/MStoana-
lyse proteins isolated from cells that had been incubated with m-
tyrosine [21]. Collisionally activated MS analysis of acid hydro-
lysates of CHO cell proteins revealed ions of m/z 182 and m/z
136 that co-eluted on HPLC (Figure 4B). The retention times and
relative abundance of the ions were virtually identical with those
of authentic m-tyrosine (compare Figures 4A and 4B). These
results indicate that m-tyrosine was present in proteins of CHO
cells.
To conﬁrm that free m-tyrosine was incorporated as the intact
amino acid into cellular proteins, we incubated CHO cells with
increasing concentrations of m-tyrosine for 24 h, isolated cellular
proteins and quantiﬁed the levels of protein-bound m-tyrosine by
MS/MS. We used the same approach to quantify L-phenylalanine,
the precursor of m-tyrosine. For L-phenylalanine, we moni-
tored the precursor and product ions of m/z 166 and m/z 120
(results not shown).
Proteins were isolated from lysed cells by TCA precipitation,
washedextensivelyandsubjectedtoacidhydrolysis.Aminoacids
were separated by HPLC on a reverse-phase column and were
detected using an ion-trap mass spectrometer as described above.
m-Tyrosine was present at 0.6 mmol/mol of L-phenylalanine in
proteins isolated from cells that had been incubated in medium A
that was not supplemented with m-tyrosine. The protein content
of m-tyrosine in cells incubated with the oxidized amino in-
creased signiﬁcantly (2 mmol/mol of L-phenylalanine; P<0.05)
at the lowest concentration of m-tyrosine investigated (20 µM).
The amount of m-tyrosine incorporated into cellular proteins in-
creasedlinearlywiththeamountofm-tyrosineavailableintheme-
dium(Figure2B).Theseobservationsindicatethatfreem-tyrosine
is taken up by CHO cells and incorporated intact into proteins.
They also suggest that cells will incorporate m-tyrosine into
their proteins even when physiological concentrations of the 20
commonaminoacidsarepresentinextracellularﬂuidandm-tyro-
sine is available only at a low concentration.
Cycloheximide inhibits the incorporation of m-tyrosine
into cellular proteins
To determine whether synthesis of new proteins was required for
the incorporation of m-tyrosine into cellular proteins, we incu-
bated CHO cells for 24 h in medium A alone, medium A sup-
plemented with 100 µg/ml cycloheximide, medium A supple-
mented with 1 mM m-tyrosine, or medium A supplemented with
m-tyrosine and 100 µg/ml cycloheximide. CHO cells incubated
with 1 mM m-tyrosine exhibited a 4.6-fold increase in the amount
ofm-tyrosinethatwasincorporatedintocellularproteins,asmoni-
tored using isotope-dilution GC/MS analysis of an acid hydro-
lysate of cellular proteins [12]. Incorporation of m-tyrosine into
cellular proteins was inhibited 88% by cycloheximide. In con-
trast, cycloheximide had little effect on the levels of protein-
bound m-tyrosine in CHO cells incubated in medium A alone.
These observations strongly suggest that the pathway for the
incorporation of m-tyrosine into cellular proteins requires protein
synthesis.
m-Tyrosine is incorporated into proteins in vitro by a coupled
transcription/translation system
Aminoacyl-tRNAsynthetaseenzymesattachcognateaminoacids
to the corresponding tRNAs, which can subsequently be incor-
porated into proteins [24]. To explore the potential role of
this mechanism in the incorporation of m-tyrosine into cellular
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Figure 5 Incorporation of m-[14C]tyrosine into proteins by a cell-free
transcription/translation system
Incorporation of m-[14C]tyrosine into luciferase protein was monitored using a cell-free
reticulate lysate preparation containing the 20 common amino acids required for protein
synthesis and either L-[14C]tyrosine or m-[14C]tyrosine. Radiolabelled protein was detected
by SDS/PAGE and autoradiography. Lane A, amino acid mixture+ L-[14C]tyrosine; lane B,
amino acid mixture lacking L-tyrosine+m-[14C]tyrosine; lane C, amino acid mixture lacking
L-phenylalanine+m-[14C]tyrosine. LUC, luciferase. Molecular-mass sizes are indicated
in kDa.
proteins, we monitored the incorporation of radiolabelled L-tyro-
sine and m-tyrosine into proteins expressed by an in vitro coupled
transcription/translation system. This luciferase expression sys-
tem was composed of reticulate lysates supplemented with all 20
common amino acids (1 mM) required for protein synthesis.
14C-
Labelled amino acids (L-tyrosine, L-phenylalanine or m-tyrosine)
wereincludedintheincubationsystem,bothinthepresenceofthe
complete amino acid mixture and in the absence of unlabelled L-
tyrosineor L-phenylalanine.Incorporationofradiolabelledamino
acids into transcribed and translated proteins was monitored by
SDS/PAGE and ﬂuorography.
We were unable to detect incorporation of radiolabel into pro-
teins when m-[
14C]tyrosine was added to reticulocyte lysates, and
the complete amino acid mixture was available. However, when
L-phenylalaninewasomittedfromtheincubation,abandofradio-
labelled material that co-migrated with authentic luciferase was
apparent on SDS/PAGE and ﬂuorography. In contrast, no labelled
protein was found when L-tyrosine was omitted from the incu-
bation (Figure 5). These observations indicate that m-tyrosine can
be incorporated into proteins during transcription and translation
by a reticulocyte lysate system and suggest that one potential
mechanism involves the binding of m-tyrosine to the aminoacyl-
tRNA synthetase for L-phenylalanine.
Phenylalanine reverses the cytotoxicity of m-tyrosine
To test the proposal that m-tyrosine might bind to aminoacyl-
tRNA synthetase for L-phenylalanine in cells, we incubated CHO
cells with 0.2 mM m-tyrosine alone or with 0.2 mM m-tyrosine
and either L-phenylalanine or L-tyrosine for 10 days in medium
containing 10% foetal bovine serum. We then monitored cellular
injury as assessed by colony formation.
Incubation of CHO cells with 0.2 mM m-tyrosine inhibited
colony formation by approx. 30% (Figure 6). L-Tyrosine (0.2 or
1 mM) had little effect on the fraction of CHO cells that survived.
In contrast, L-phenylalanine at 0.2 mM partially protected and
at 1 mM almost completely preserved the ability of the cells to
undergo proliferation. These observations are consistent with the
proposal that m-tyrosine mediates its cytotoxic effects via a path-
Figure 6 Effects of L-phenylalanine and L-tyrosine on m-tyrosine-induced
cytotoxicity
CHOcellswereplatedontotissueculturedishesandwereincubatedfor4htoallowthemtoattach
to the surface. The cells were then exposed for 7–10days to the indicated ﬁnal concentrations
of0.2 mMm-tyrosinealoneor0.2 mMm-tyrosinewitheither0.2 mMor1mM L-phenylalanine
or L-tyrosineinmediumAcontaining10%foetalbovineserum.Theresultingcellcolonieswere
stainedwithMethyleneBlueandwerecounted.Survivalcurveswereconstructedbyplottingthe
surviving fractions of cells. Results are means+ −S.D. for three independent experiments.
way that requires protein synthesis and that is mediated in part by
L-phenylalanine-tRNA synthetase.
DISCUSSION
Elevated levels of oxidatively modiﬁed proteins have been detec-
ted in diseased and aging tissues [3,9,25], implicating protein
oxidation in the pathogenesis of disorders ranging from athero-
sclerosis to ischaemia–reperfusion injury and perhaps the aging
process itself. Oxidized amino acid residues are generated in
proteins that are exposed to reactive intermediates in vitro,a n d
most studies of these markers of protein damage in vivo have as-
sumed that oxidized proteins are generated post-translationally.
In contrast, the possibility that oxidized amino acids might be in-
corporated into proteins during synthesis has received little
attention.
In the present study, we found that m-tyrosine, a stable product
of the oxidation of L-phenylalanine by the hydroxyl radical, was
toxictoCHOcellsasassessedbythreedifferentassays.Wehypo-
thesized that one potential cytotoxicity mechanism could be the
incorporation of this unnatural isomer of L-tyrosine into proteins.
Indeed,wefoundthatm-tyrosinewasincorporatedintoproteinsof
CHO cells as assessed by the uptake of radiolabelled m-tyro-
sine. Incorporation of m-tyrosine into cellular proteins was
sensitive to inhibition by cycloheximide, suggesting that protein
synthesis was involved. Rodgers et al. [19] used a similar ap-
proachtodemonstratethatanotheroxygenatedaminoacid,3,4-di-
hydroxyphenylalanine,wasincorporatedintoproteinsofamacro-
phage cell line. Importantly, these workers demonstrated that the
degradation rates of proteins containing 3,4-dihydroxyphenyl-
alanine differed from those of control proteins, suggesting that
the metabolism and perhaps function of proteins might be altered
by incorporation of oxidized amino acids.
In the present study, two lines of evidence indicated that intact
m-[
14C]tyrosine, rather than one of its metabolites, was incor-
poratedintocellularproteins.First,theradiolabelledmaterialiso-
lated from acid hydrolysates of cellular proteins co-migrated with
authentic m-tyrosine on HPLC analysis. Secondly, MS/MS ana-
lysis readily detected m-tyrosine in hydrolysed proteins isolated
from CHO cells that had been incubated with the oxidized amino
acid. When increasing concentrations of m-tyrosine were pro-
vided,theconcentrationofm-tyrosinedetectedincellularproteins
increasedinalinearmanner.Theseobservationssuggestthateven
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cells exposed to physiological concentrations of the 20 common
amino acids and low concentrations of m-tyrosine will take up the
oxidized amino acid and incorporate it into proteins.
We also detected m-tyrosine in proteins isolated from cells
that were not exposed to m-tyrosine in the medium. This ﬁnding
suggests that cells might routinely produce a low level of free
m-tyrosine and incorporate it into proteins. Consistent with this
hypothesis, cultured neuronal, adrenal and liver cells readily con-
vert L-phenylalanineintom-tyrosineando-tyrosinebyametabolic
pathwaythathasbeenproposedtorequire L-tyrosinehydroxylase
[26,27].Moreover,freem-tyrosinehasbeendetectedinbloodand
urineofanimalsandhumans[28,29],suggestingthatonepathway
forproducingthis‘abnormal’aminoacidinvolvesenzymaticoxy-
genation of the free amino acid by metabolic pathways. Collec-
tively, these observations suggest that detection of elevated levels
of m-tyrosine in tissue proteins might reﬂect biosynthetic incor-
porationoftheoxygenatedaminoacidratherthandirectoxidative
damage of proteins.
Free m-tyrosine might be incorporated into cellular proteins
during or after protein synthesis. One potential mechanism in-
volves aminoacyl-tRNA synthetase, a family of enzymes that
attach cognate amino acids to their corresponding tRNAs. It is
well established that amino acid analogues that are structurally
similar to their natural counterparts are both aminoacylated and
incorporated into proteins [30]. Therefore structural similarities
amongm-tyrosine, L-phenylalanineand L-tyrosinemightincrease
mischargingoftRNAandconsequentmisincorporationofm-tyro-
sine into proteins. We used a cell-free in vitro translation system
to begin to explore this possibility. We found that m-tyrosine was
incorporated into luciferase protein during in vitro translation
of the luciferase gene. However, this misincorporation occurred
only in the absence of L-phenylalanine and not in the presence of
a complete amino acid mixture or an amino acid mixture lacking
L-tyrosine. Moreover, the cytotoxicity of m-tyrosine to CHO cells
was blocked when the medium contained 1 mM L-phenylalanine,
but not when the medium contained 1 mM L-tyrosine. These re-
sults suggest that L-phenylalanine-tRNA synthetase recognizes
m-tyrosine and that this mechanism might contribute in part to
the misincorporation of m-tyrosine into cellular proteins.
It is important to note that we observed a much higher level
of incorporation of m-tyrosine into proteins when we incubated
theoxygenatedaminoacidwithCHOcellsthanwhenweusedthe
invitrotranscription/translationsystem.Also,theCHOcellswere
incubated with m-tyrosine in medium that contained both L-tyro-
sine and L-phenylalanine, indicating that the unnatural amino
acid can be incorporated into proteins even when the parent
amino acid is available at physiological levels. These cells were
thus likely to have normal cellular pools of L-tyrosine and
L-phenylalanine, suggesting that the in vitro transcription/trans-
lation system was not accurately mimicking the cellular milieu.
One factor that might contribute to this apparent discrepancy is
premature termination of protein synthesis in the in vitro system
when high levels of m-tyrosine are included in the reaction mix-
ture. In future studies, it will be important to use intact cells and
animals to investigate further the pathways that can misincor-
porate oxygenated amino acids into proteins.
A key issue is whether the relatively low levels of misincor-
poration of m-tyrosine into cellular proteins that we observed
in cultured cells is likely to be physiologically relevant. It is of
interest that relatively low concentrations of m-tyrosine (0.2 mM)
inhibited the proliferation of CHO cells in the colony formation
assay. This observation suggests that m-tyrosine-induced alter-
ationsinproteincatalyticfunctionorstructurecouldbecytotoxic.
It is also possible that even a low level of misincorporation of
amino acids into an enzyme such as DNA polymerase could lead
to errors in DNA replication and long-term consequences such as
impaired cellular viability or even mutagenesis.
Our observations have implications for using m-tyrosine as an
indicator of protein oxidation in vivo. Measurement of amino
acid oxidation products in proteins has been widely employed as
a non-invasive way to monitor contributions of oxidative stress
to disease and the efﬁcacy of antioxidant therapy [10,31]. An
important question regarding the validity of using such amino
acid oxidation products as biomarkers in vivo is the fate of the
biomarker itself in the body. Our ﬁndings suggest that the steady-
state level of m-tyrosine in a tissue protein reﬂects the initial level
ofmisincorporationoftheaminoacidaswellaspost-translational
oxidationandthesubsequentrateofprotein degradation.It isalso
important to note that oxidized amino acids can be metabolized to
other products. For example, when high doses of m-tyrosine were
given to four healthy subjects, the major metabolic product was
m-hydroxyphenylacetic acid, which was excreted in urine [32].
It will clearly be important to investigate the metabolic fate of
oxidized amino acids in greater detail.
In summary, the present study provides strong evidence that m-
tyrosine is cytotoxic and is incorporated into proteins by cultured
cells. Misincorporation of m-tyrosine into critical enzymes or
structural proteins may contribute to the cytotoxic effects of the
oxygenated amino acid. Our ﬁndings suggest further that post-
translational oxidative modiﬁcation may not be the only factor
that contributes to the level of m-tyrosine in tissue proteins. In
future studies, it will be of great interest to determine whether
free m-tyrosine is incorporated into proteins of whole animals
and to assess the physiological role of this pathway.
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